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Abstract
Understanding chemical properties and their physical mechanisms at the level of molecules
is of fundamental scientific interest and is important for the development and optimiza-
tion of applications in a broad range of fields such as catalysis, photovoltaics, and biology.
Room-temperature tip-enhanced Raman spectroscopy (TERS) is used for its ability to
probe molecular vibrational modes on the nanoscale. The organic dye molecule, malachite
green (MG) and others, are deposited onto an evaporated gold substrate. The molecular
dyes are then resonantly photoexcited to their S1 excited states by a 633 nm continuous
wave Helium-Neon laser with the help of an enhancement from a nanoantenna situated
within nanometers of the molecules. The Raman response of the dye molecules is en-
hanced and spectrally resolved at room-temperature. Future efforts will be to compare
these measurements at variable and liquid-nitrogen temperatures by combining a room-
temperature TERS system with a characterized low-temperature vacuum chamber. Future
low-temperature measurements should encompass changes in linewidth of the Raman spec-
trum, which depends on the lifetime of the vibrational excitation. Vanishing Raman peaks
and shifts in peaks, due to vibrational freezing and mode constriction. More interesting
at low-temperatures is the effect on single to few-molecule’s randomly switching between
bright and dark states. These effects give vital information about the effect temperatures
have on relaxation and decay pathways in molecules.

Contents
1 Introduction 8
2 Fundamentals 12
2.1 Near-field Optical Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1.1 Scattering-type Scanning Near-field Optical Microscopy . . . . . . . 15
2.2 Plasmonic Light Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.1 Metallic Tip as an Optical Antenna . . . . . . . . . . . . . . . . . . 18
2.2.2 The Dipole-Dipole Model . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.3 Field Enhancement at the Tip Apex . . . . . . . . . . . . . . . . . . 21
2.2.4 Polarization Dependence . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3 Raman Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3.1 Raman Fundamentals . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3.2 Tip-enhanced Raman Spectroscopy . . . . . . . . . . . . . . . . . . . 30
3 Experimental Setup and Implementation 35
3.1 Shear Force Feedback . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.1.1 Q-Factor Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2 Low-temperature High-vacuum System and Sample Navigation . . . . . . . 45
2
3.3 Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.4 Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.5 Characterization of Shear-force and Variable-temperature High-vacuum Sys-
tems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4 Room-temperature TERS on Model Molecule System 59
4.1 Tip-enhanced Raman on Malachite Green . . . . . . . . . . . . . . . . . . . 62
4.1.1 Fluorescence Quenching . . . . . . . . . . . . . . . . . . . . . . . . . 68
5 Conclusion 70
5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3
List of Figures
2.1 Airy disc numerical aperture . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Airy disc resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3 Sub-diffraction microscopies . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Tip and sample illumination . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5 Tip and sample scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.6 Antenna gap geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.7 Tip-sample dipole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.8 Tip-sample coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.9 Polarization dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.10 Polarization and enhancement . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.11 Polarization dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.12 Stokes and anti-Stokes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.13 TERS arrangement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.14 TERS on carbon nanotube . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.15 TERS on organic molecule layer . . . . . . . . . . . . . . . . . . . . . . . . 32
2.16 TERS on organic dye molecule layer . . . . . . . . . . . . . . . . . . . . . . 33
2.17 TERS comparison single to few-molecules . . . . . . . . . . . . . . . . . . . 33
2.18 TERS comparison of five molecules and one molecule . . . . . . . . . . . . . 34
4
3.1 Gold tip in microscope and SEM . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2 Tuning fork . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3 Mechanical vs. electrical model . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.4 Lorentzian line shape of tuning fork . . . . . . . . . . . . . . . . . . . . . . 40
3.5 Degraded Q-factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.6 Tuning fork mounted to translation stage . . . . . . . . . . . . . . . . . . . 42
3.7 Degraded fork resonance from parasitic capacitance . . . . . . . . . . . . . . 42
3.8 Shear force feedback circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.9 Capacitance-adjusted resonance . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.10 Shear force feedback system schematic . . . . . . . . . . . . . . . . . . . . . 44
3.11 Parabolic mirror with tuning fork . . . . . . . . . . . . . . . . . . . . . . . . 46
3.12 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.13 Comparison of parabolic mirrors . . . . . . . . . . . . . . . . . . . . . . . . 49
3.14 Tip focus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.15 Tuning fork mounting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.16 Electrical flange and vacuum chamber . . . . . . . . . . . . . . . . . . . . . 54
3.17 Gold luminescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.18 Tip stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.19 System pump down 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.1 Malachite green absorption . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2 Raman spectroscopy of dye molecules . . . . . . . . . . . . . . . . . . . . . 61
4.3 Sample approaching malachite green for TERS . . . . . . . . . . . . . . . . 63
4.4 Luminescence of gold tip vs. surface . . . . . . . . . . . . . . . . . . . . . . 65
4.5 Sample luminescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.6 Sample focus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5
4.7 MG near-field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.8 MG quenching and blinking . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6
Acknowledgements
I would like to thank Professor Markus Raschke for giving me the opportunity to work
in his group and experience experimental research in physics. He taught me to love every
task, no matter the significance. To understand everything about something, no matter the
”importance”. That true progress comes not only from the end result, but from the details,
understanding and experience along the way. It is his expertise, wisdom, and passion that
has matured me both as a scientist and as a person. He has taught me what it means to
be a true scientist and he will be forever marked as a great motivator in my future as a
physicist.
I would particularly like to thank Joanna Atkin for her never ending dedication in
helping me achieve my goal. She is a brilliant scientist and a wonderful person. Her advice
is always sound, both scientifically and morally. She has taught me so much more than
which wire goes where, she has taught me how to think critically for myself. She taught me
how to love and care for a sensitive beast (our low-temperature system). The experience
she has given me will be with me forever as both a scientist and a person.
My experience in experimental physics would also not have been as fulfilling if not for the
rest of the Raschke group. Like disciplined warriors, armed with knowledge and critical
thinking against elusive nanoparticles, they provided me invaluable guidance along my
journey. They made me into a nano-optics warrior. They are my teachers, my comrades,
my friends.
Chapter 1
Introduction
The motivation behind this project comes from our group’s interest in studying optical
interactions with matter on a subwavelength scale, the nanoscale, the realm of atoms and
quantum physics. Today’s trend towards nanoscience and nanotechnology is motivated
by the fact that as we move to smaller and smaller scales the underlying physical laws
change from macroscopic to microscopic. Physical and chemical properties, like dielectric
constants and conductivity, change from place to place, from molecule to molecule, more
on the nanoscale than on the macroscopic scale. Since the far-field diffraction limit does
not allow us to focus light to dimensions smaller than roughly half a wavelength it has been
in the past difficult to interact selectively with nanoscale features. In recent years several
new nano-optical approaches have been put forth to overcome this limit.
A number of microscopies resolve optical properties on the nanoscale in order to specify
these inhomogeneous chemical properties. One of them, tip-enhanced Raman spectroscopy
(TERS), combines Raman spectroscopy with a localized electromagnetic near-field en-
hancement provided by an atomic force microscopy (AFM) tip, in our case, made out of
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gold with a radius on the order of 10 nm. The system is implemented by focusing a light
source on the tip which is held within nanometers of the sample. A nanoscale field en-
hancement arises from the excitation of localized surface plasmon modes in the tip from
a resonant light source. This allows for a high localization and enhancement of Raman
scattering near the tip. This Raman scattered light from the tip is spectrally analyzed and
reveals chemical information about a sample, with nanometer spatial resolution, specifi-
cally, vibrational or rotational properties of molecules.
When photons with sufficient energy, generally with an energy equal to the ground
state energy of the electrons in the molecule, are incident on electrons in a molecule in
their ground or excited vibrational states, they are absorbed and excite electrons to their
first electronic excited states. Due to molecular vibrations, the electrons relax to lower
vibrational states on the order of picoseconds and can sometimes emit photons of longer
wavelengths and less energy as they transfer back to their ground states. This is known
as Raman scattering and it is a chemical fingerprint inherent to almost all chemicals. An
electron does not always radiate however, sometimes vibrations can relax it back to its
ground state. Vibrational relaxation is non-radiative and has a decay time of Γnon−rad
associated with it. Raman scattering is radiative and has a different decay time of Γrad. It
is in this fluorescence that we will gain a better understanding of decay times.
In this project, we hope to reveal and strengthen some of the theory behind the re-
laxation dynamics of dye molecules. We will utilize TERS to probe molecular vibration
behavior and time-resolve photobleaching in the organic dye molecule, malachite green
(MG). Photobleaching is the oversaturation of the molecule which, over time, causes it
to discontinue its fluorescence, or sometimes intermittently recover (blinking). This gives
information about the molecules decay rate and relaxation processes. We wish to, in the
future, examine this effect under low-temperature (77 K) conditions in order to freeze out
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molecular vibrations. This should, in theory, have a direct impact on vibrational relaxation
time and thus change the ratio of non-radiative to radiative decay time, revealing important
information about the molecules decay pathways and their fundamental physical mecha-
nisms. In order to make these spectroscopic measurements on MG, we will need to use
modern microscopy techniques that combine nanoscale spectroscopy with low-temperature
implementation.
In molecules like MG, the molecular structure can sometimes inelastically Raman scatter
light when light is shone on it. A nanoscopic tip very near to the molecule allows for
a massive enhancement of its Raman scattered light and permits near single-molecule
resolution. It has been shown that the tip interacts, albeit in a complicated way, with the
single molecule and intensifies its Raman peaks. If we, in the future, are able to reduce
the temperature of the sample down to around 77 K, we will be looking for changes in
linewidth of the Raman spectrum due to vibrational freezing, Raman peaks can vanish,
peaks can shift and, most important, blinking statistics may change. The low-temperature
TERS setup will time-resolve the photobleaching of MG by simply taking a spectral Raman
measurement over intervals of time. This, in conjunction with the other information about
spectral peaks, will yield new and exciting results in TERS and molecular dynamics. We
will shed some light on the fundamental inner workings of dye molecules and validate
theories on their intrinsic relaxation dynamics. Many spectroscopic implementations of
TERS have been demonstrated at room-temperature and slightly above but the realization
of low-temperature TERS is complicated by the experimental difficulties associated with
combining tip enhancement and low-temperature techniques.
Fluorescent organic dye molecules have received significant attention in physical chem-
istry from both fundamental and applied research for their uses in biology as bio-labels,
dye lasers as the lasing medium and solar cells as absorbents, with focus on their molec-
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ular structure, electronic states, and relaxation dynamics. The photo-processes in these
dyes are especially interesting but complicated and have been widely investigated using
various time-resolved techniques. Of these photo-processes, relaxation pathway dynamics
are of particular interest. It is these dynamics that we plan to study and resolve using
modern microscopy techniques in order to test and validate theories on relaxation pathway
dynamics.
The goal of this project is to implement room-temperature TERS on these molecular
systems in order to prepare the system for future single-molecule sensitivity and low-
temperature implementation. TERS is very useful because it allows near single-molecule
sensitivity which allows us to overcome the problem of averaging, i.e. one molecule may be
blinking or vibrating differently, but 100 molecules near it are not, that regular Raman spec-
troscopy has. The secondary goal is of this project is to characterize the low-temperature
component of our TERS system for its future incorporation into our measurements. This
will someday soon allow the detailed study of properties relevant to relaxation dynamics
taking place at variable and low-temperatures.
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Chapter 2
Fundamentals
In order to spectrally resolve molecules on the nanoscale, I implemented a room-temperature
TERS system to nanoscopically resolve the vibrational properties of dye molecules. This
chapter is devoted to describing the fundamentals underlying this instrument. I will dis-
cuss how the diffraction limit is overcome using near-field microscopy specifically with a
metallic tip acting as a plasmonic light scatterer and how Raman scattering will allow us
to probe chemical properties.
2.1 Near-field Optical Microscopy
In classical microscopes a sample is illuminated by light and the light scattered by the
sample is collected into a lens. However, that lens is situated many wavelengths from the
sample and the smallest distance between objects that can still be spatially resolved, given
by physicist Ernst Abbe, is
d =
λ
2×NA, (2.1)
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where d is the resolution length, λ is the wavelength of incident light, and nsin(φ) is the
numerical aperture (NA) of the lens [1]. Figure 2.1 shows the effect numerical aperture
has on the size of the lens’ airy disc, the best focused spot of light that a lens can make.
Figure 2.2 shows (a) the effect of two objects being closer together than the diffraction
limit and (b) further apart than the limit, allowing resolution of the two, known as the
Rayleigh criterion [2]. It can easily be seen that this resolution length cannot probe a scale
of 10s of nanometers, even with a small wavelength and large numerical aperture.
Figure 2.1: Effect of increased numerical aperture on airy disc with (a) having the least
and (c) the most. Taken from Olympus America Inc.
The development of optical imaging techniques with spatial resolution beyond the
diffraction limit was slow. First, in 1928, E. H. Synge introduced an aperture based sub-
diffraction imaging technique [3]. Light was shown through a small aperture very close
to a sample, as shown in Figure 2.3 (a). This allowed sub-diffraction spatial resolution.
The problem was that moving the aperture and holding it exceedingly close to the sample
would have been impossible. The answer to this, Near-field Scanning Optical Microscopy
(NSOM), emerged in the late 1980s [4]. It provided sub-diffraction spatial resolution by
shining light thorough a subwavelength tapered optical fiber, as shown in Figure 2.3 (b).
However, the fiber’s throughput typically constrained sensitivity and practical resolution
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Figure 2.2: Effect of two objects being (a) closer together than the diffraction limit and (b)
further apart that the limit allowing them to be resolved separately. Taken from Olympus
America Inc.
to about 100 nm. Some time later, scattering-scanning near-field optical microscopy (s-
SNOM) was born and gave sub-diffraction spatial resolution with the ability to control the
distance to the sample [5]. In this geometry light is shown onto a very small scattering
element, as shown in Figure 2.3 (c).
Figure 2.3: (a) Schematic of Synge’s 1928 aperture for sub-diffraction imaging. (b)
Schematic of NSOM fiber based aperture imaging. (c) Scattering based near-field mi-
croscopy. Taken from [6].
Essentially, these geometries take advantage of higher spatial frequencies to gain insight
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on what is going on in the near-field of the sample. The antenna near the sample scatters
the near field created by the interaction with an optical field, the antenna, and the sample.
Take the dispersion relation for wave vector k as
k =
√
k2‖ + k
2
⊥ = n(λ)
2pi
λ
, (2.2)
k⊥ is generally limited by k⊥ < k because a parallel component must exist for the wave to
propagate. However, mathematically higher frequencies of k⊥ are possible for imaginary
values of the parallel component. This simply leads to exponentially decaying electric field
given by
E(k⊥, z) = E0(k2)e−(k‖z) (2.3)
These higher spatial frequency waves with k⊥ > k only exist in the first few nanometers
from the sample, which is commonly called the near-field. This is why such high spatial
resolution is needed in these microscopies.
The probing of this near-field is done most efficiently using the scattering geometry
of s-SNOM. The scattering of the near-field and the mechanisms behind s-SNOM will be
discussed in the following sections.
2.1.1 Scattering-type Scanning Near-field Optical Microscopy
This resolution problem changed with the emergence of tip-enhanced or tip-scattering
scanning near-field optical microscopy (s-SNOM). s-SNOM consists of a very small metallic
tip, instead of a fiber optic, illumination laser beam, and appropriate detection optics [7].
Figure 2.4 shows the metallic tip very close to a sample, where a laser beam is shone onto the
region including both tip and sample. It also shows the scattering of that laser along with
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information about the sample where the scattered laser light is then detected and a spatial
map can be created based on the sample’s, in our case, chemical characteristics.
Figure 2.4: Tip-sample geometry showing laser illuminating tip-sample interaction region
and scattering to detection where the signal is interpreted and mapped. Taken from [6].
Illumination of the apex of a sharp noble metal, typically gold, tip by a focused laser
beam leads to spatial localization of the light-matter interaction with the sample in the
near-field of the tip apex. Spatial information on the nanoscale can be obtained from
the sample. So, the tip efficiently scatters the evanescent waves of the near-field into
propagating radiation for detection, as shown in Figure 2.5.
The enhancement is localized because the tip creates an image charge in the sample,
which creates an electric field around the tip-sample region. The electric dipole, created by
the image charge and tip coupling, is excited by the incoming laser light and the result is
localized radiation. Along with this effect, localized surface plasmon resonances intensify
the radiation in the field at the frequency of the incident laser field between the tip and
sample [8]. This design allows for the limit of resolution to be so small because it is
only dependent on the tip radius, not the incident wavelength of light as in traditional
microscopes.
s-SNOM is a powerful technique in giving very high sensitivity to material character-
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Figure 2.5: Tip-sample geometry showing the field enhancement due to incident continuous
wave or pulsed laser and the different scatterings such as the ultrafast free induction decay
of electronic vibrations, elastic scattering, inelastic Raman scattering and a non-linear
second harmonic light scattering. Taken from [6].
ization. Nanometer spatial resolution has been achieved both in visible wavelengths [9]
and Raman vibrational spectroscopy [10]. A knowledge of the mechanisms underlying the
near-field enhancement is required for experimental implementation. The next section will
discuss the details of the metal tip coupling with the incident light field, the tip and the
sample coupling, and the resulting localized field enhancement.
2.2 Plasmonic Light Scattering
The ultrasensitive nanoscale resolution of near-field microscopy is completely dependent
upon the optical field enhancement that takes place at the tip-apex. In this section I will
describe the antenna, dipole-dipole and plasmon models that describe the field enhance-
ment at the tip-apex.
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2.2.1 Metallic Tip as an Optical Antenna
One can recall from electromagnetic theory that a dipole antenna, consisting of two con-
ductors separated by a small gap, is an excellent absorber and emitter of radiation [11].
One can also recall that the antenna converts radiation into a localized oscillation between
the conductors that radiates outward with an intensity profile that is greatest at the gap
[11], as shown in Figure 2.6 (a). This radiation is considered far-field radiation about
a wavelength away from the gap and is non-radiative out to approximately λ2pi , between
them is a complicated Fresnel radiative near-field [12]. In our tip-sample geometry, the
antenna can simply be thought of a quarter-wave antenna instead of a half-wave antenna
[12]. As shown in Figure 2.6 (b), the metallic tip, when very close to a conducting ground
plane, acts as its own dipole antenna with the same intensity profile as a regular dipole
antenna.
Figure 2.6: Schematics of (a) half wavelength dipole antenna and (b) quarter wave antenna
where one half is replaced by a conducting ground plane. The intensity profile I(z) is
greatest at the center in both geometries.
I will show later that the efficiency of the excitation rate of nanoscale particles or
molecules placed under a nanoantenna is increased substantially due to the localized field
enhancement [13]. The modern tip-enhanced s-SNOM takes advantage of this along with
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plasmon resonances in the tip that enhance the incident optical field, excitation resonances
in the sample, and field line concentrations at the tip apex. I will now describe a more
exact, yet qualitative, classical model for the origin of the localized field enhancement
between the tip and ground plane.
2.2.2 The Dipole-Dipole Model
Treating the tip and sample as an antenna is quite accurate in a simplified dipole model as
you will see. A field enhancement and scattering process has a simple description when the
tip is treated as a homogeneous sphere of radius r and dielectric function of tip, illuminated
by a plane wave Einc that is polarized along the tip axis [6]. We do not have to worry about
parts of the sphere oscillating out of phase because the wavelength of the incident field is
large compared to r. In the presence of this optical field, induced optical polarization
psph can be described with the Clausius-Mosotti relation for the polarizability
↔
αsph of a
dielectric sphere,
psph =
↔
αsph ·◦Einc (2.4)
where
↔
αsph= 4pir
3
(
tip − 1
tip + 2
)
δij (2.5)
For this section, consider the case where the incident light field is polarized in the z
(tip axis or p-polarized) direction. The image sphere [11], as shown in Figure 2.7, in the
surface then has a relative dipole strength of β =
(
surf−1
surf+1
)
.
Recursively, polarization now occurs due to the incident field and the image field. Solv-
ing Laplace’s equation for the potentials in all materials and using separation of variables
and boundary conditions to obtain eigenfunctions and unknown coefficients [14], the effec-
19
Figure 2.7: Coupled tip-sample system with tip approximated as a sphere a distance d
from the sample subject to an external field. Taken from [6].
tive polarizability can now be expressed as
peff,z = αeff,z◦Einc,z = αsph,z
(
1 +
αeff,zβ
16pi(r + d)3
)
◦Einc,z (2.6)
One can see that the smaller the radius of the tip and the closer the tip is to the
surface the more the effective polarization increases. Simple algebra yields the effective
polarizability in terms of the polarizability of the sphere to be
αeff,z = αsph,z
(
1− αsph,zβ
16pi(r + d)3
)−1
(2.7)
One can see that the best enhancement comes about when the tip-surface distance and
tip radius is smallest. Now, the field between the tip and surface comes about from the
field contributions from the tip dipole, image dipole and incident fields. A simple sum gives
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the total field
Etot,z[z] = Einc,z + Esph,z + Eimsph,z =
(
1 +
αeff,z
16pi(h− z)3 +
αeff,zβ
16pi(h+ z)3
)
Einc,z (2.8)
where h = d + r. Thus, this mutual polarization in the tip and surface enhances and
localizes the optical near-field which is then scattered into the far-field by the tip [15].
It will be shown in a later section that that if we choose a different polarization for the
incident optical field, the field enhancement will diminish. For now, I will discuss a more
realistic origin of the field enhancement.
2.2.3 Field Enhancement at the Tip Apex
It is clear by now that there is a field enhancement and localization from the close proximity
and recursive relationship between the tip and image dipoles. There are however two, much
larger, reasons for such a large field enhancement in this region. One, is due to an extreme
curvature in the field lines at the tip apex leading to a field enhancement known as the
lightning rod effect. The second is due to the incident electromagnetic field interacting with
the free electrons in the noble metal tip causing a local and collective periodic displacement
of the free electron plasma on the surface of the metal in the direction of the electric
field. These are called localized surface plasmons and give strong field enhancements when
they oscillate in resonance with the incident field. This effect, coupled with the field line
distortion, gives us our enhancement.
These surface plasmons are the quanta of surface-charge-density oscillations. They are
electromagnetic modes bound to a metal-dielectric interface, involving charges in the metal
and electromagnetic fields in both media. The surface plasmons behave as waves propa-
gating along the surface where the field intensity falls off exponentially in both metallic
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and dielectric media.
However, these localized collective electron oscillations do not come about unless their
momentum is larger than the incident field. This is seen in their dispersion relation
k2‖ =
mdω
2
m + dc2
(2.9)
where m and d are the dielectric functions of the metal and dielectric respectively [16]. If
the dielectric function of the metal is negative, then the momentum of the surface plasmons
will be greater than the incident field, i.e. there will be a near-field.
In the case of the metallic tip, we can speak about particle plasmons. Upon interaction
with the incident light field, the free electrons on the gold surface are shifted collectively
and periodically up and down with respect to the fixed positive charges of the lattice ions.
Because of the small surface area near the tip apex, a uniform displacement of the electron
sea towards the tip gives rise to a huge surface charge accumulation at the tip end. These
charges generate a secondary field which is seen as the enhanced field at the tip apex.
Consequently, this charge separation leads to the appearance of a restoring force. The
latter in turn can rise to specific particle plasmon resonances depending on the geometries of
the particles and the frequency of the incident field. In particles of suitable shape, extreme
localized charge accumulations can occur which are accompanied by strongly enhanced
optical fields [14]. This is the essence of the field enhancement from the tip in tip-enhanced
s-SNOM.
In addition, there is a dependence of the field enhancement, and localization, on the
sample that the AFM tip is situated near. As shown below in Figure 2.8, the field enhance-
ment increases substantially due to a coupling to the noble-metal gold substrate.
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Figure 2.8: Calculated field distribution for (a) a free standing tip (10 nm radius) and
(b) the tip near (d=5 nm) a gold substrate. The field intensity becomes higher and more
localized due to coupling with the gold substrate. Scale bar is 10 nm. Taken from [17].
2.2.4 Polarization Dependence
Following the same argument in [14] again, but with the incident optical field polarized
perpendicular to the tip (s-polarized) yields a different result for the total field in the
tip-sample interaction zone. The effective polarization now becomes
peff,x = αeff,x◦Einc,x = αsph,x
(
1 +
αeff,xβ
32pi(r + d)3
)
◦Einc,x (2.10)
This is because the tip dipole is rotated by pi2 [11]. There is now a factor of
1
2 and a negative
sign in the electric field from
Eimgsph =
1
32pi◦d3
[3pcosθrˆ − pkˆ] (2.11)
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The effective polarizability becomes
αeff,x = αsph,x
(
1− αsph,xβ
32pi(r + d)3
)−1
(2.12)
and again, the total electric field in the tip-sample region can be expressed as
Etot,x[z] = Einc,x − Esph,x + Eimsph,x =
(
1− αeff,x
32pi(h− z)3 +
αeff,xβ
32pi(h+ z)3
)
Einc,x (2.13)
In the s-polarized case, the image dipole of the tip aligns itself anti-parallel to the tip
dipole. In this setup, the polarizability and field enhancement in the tip-sample gap is still
increased, but not as much as in the case of the p-polarized incident field.
This consequence is shown in Figure 2.9. In general, stronger emission has been observed
for the electric field detected parallel to the tip axis (p-polarized) for both gold and tungsten
tips [18]. Figure 2.9 displays the polarization dependence of the scattering intensity in the
case of a gold tip with a slightly irregular shape.
Recall that the field enhancement at the apex comes from an external field polarized
along the tip axis that is driving free electrons periodically up and down along the tip
shaft giving a huge surface charge accumulation at the tip end. These charges generate
a secondary field which is seen as the enhanced field at the tip apex as shown in Figure
2.10 (a). However, these plasmons can have a strict polarization dependence. The surface
charges get spread out if the polarization of the incident field is perpendicular to the tip
as shown in 2.10 (b).
This actually gives rise to featured plasmon resonances which nearly vanish detecting
polarized perpendicular to the tip axis. Notice that the plasmon resonance is greatest at
about 632 nm, this will come in handy later on.
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Figure 2.9: (a) Unpolarized light incident on gold and (b) tungsten tips. The peaks on each
graph shows how each metal scatters and electric field. Important is that the scattered
light from these tips is much more polarized in the direction of the tip than perpendicular
to it. Taken from [18].
(a) p-polarized incident light (b) s-polarized incident light
Figure 2.10: (a) Field enhancement at tip apex due to incident light polarized parallel to
the tip axis . (b) perpendicular to the tip axis, taken from [10].
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For gold tips in general, the difference in scattering intensity between the two polar-
ization states is most pronounced at the plasmon resonance with only small off-resonance
contrast. The occurrence of a spectrally structured plasmon response can be the result of
irregularities in the tip geometry [18]. These geometric features effectively lead to a spatial
variation of the confinement of the correlated electron motion in the axial direction at the
tip apex and can thus give rise to in general different oscillation frequencies. In that case
in s-polarized emission both resonant features would diminish simultaneously as shown in
Figure 2.9.
However, some tip geometries have more plasmon resonances when the electric field is
aligned perpendicular to the tip. This has been attributed to the tip having both plasmon
resonances from plasmons oscillating parallel and perpendicular to the tip axis. Detection
would then look something like Figure 2.11.
Figure 2.11: (a) Unpolarized light incident on gold tip with unpolarized detection and (b)
polarized detection. Shows that some plasmons can oscillate parallel and some perpendic-
ular to the tip. Taken from [18].
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2.3 Raman Spectroscopy
Raman spectroscopy is a type of vibrational spectroscopy that takes advantage of the cou-
pling of light to molecular vibrations and rotations. It relies on the inelastic scattering
of light from molecular vibrations. This energetic shift in light allows insight into chemi-
cal composition, molecular bonds and orientation, and inter-molecular coupling. Far-field
Raman microscopy has been well established in material characterization with spatial res-
olution from microns to hundreds of nanometers.
2.3.1 Raman Fundamentals
Let us start with an atom or molecule that is being illuminated by an optical field of
frequency ν◦. Most of the field will be elastically Rayleigh scattered. However, due to the
Raman effect, some of the field may scatter inelastically with a frequency νk = ν◦ ± νk,vib.
The extra term corresponds to vibrational or rotational energy level transitions in the atom
or molecule.
This effect was first theorized by Smekal in 1923 and later experimentally observed
by Raman and Krishnan in 1928. Years later in 1934 Planczek laid down a substantial
framework for the Raman effect. Later on, the invention of the laser allowed the tiny
Raman scattering cross-section of 10−27 − 10−30cm2/molecule [19] to be probed.
A simple classical formulation of the theory starts with an incident electric field, with
frequency ν◦, the same as the molecular vibrational frequency, i.e. in the molecule’s elec-
tronic absorption band (Resonant Raman), E = E◦cos(2piν◦t) interacting with a molecule
giving a polarization
pij = αijE (2.14)
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where αij is the polarizability tensor.
Since the molecule is vibrating, the polarizability is varying in time. We can expand
the polarizability in a Taylor series about the center of vibration to yield
αij = (αij)◦ +
(
∂αij
∂Qk
)
0
Qk +
1
2
(
∂2αij
∂Qk∂Ql
)
0
QkQl + ... (2.15)
where (αij)◦ is αij at equilibrium, the 0 on the derivatives means they are taken at equi-
librium, and Qk is the normal coordinate to the vibrations equal to
Qk = Qk◦cos(2piνk,vibt) (2.16)
We shall assume the electrical harmonic approximation where higher order values of Q
are neglected. Returning to 2.14, the polarization is now
pij = (αij)◦E◦cos(2piν◦t) +
1
2
(
∂αij
∂Qk
)
0
Qk◦E◦[cos(2pi(ν◦ − νk,vib)t) + cos(2pi(ν◦ + νk,vib)t)]
(2.17)
where the first term corresponds to Rayleigh scattering and the second and third terms
correspond to Stokes and anti-Stokes scattering respectively. The amplitude of pij at a
particular frequency allows us to calculate a scattered intensity.
Taking only the radiation from the perturbed dipole into account, this equation tells us
that we will see a Raman shift from our incident frequency if
(
∂αij
∂Qk
)
6= 0 (2.18)
From quantum theory, for radiation to be emitted or absorbed, a transition must occur
between vibrational energy levels. Figure 2.12 shows a photon exciting a system from a
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ground vibrational state to a virtual state (virtual meaning the incident photon is not
resonant with the electronic transition energy) or an excited vibrational state to a virtual
state.
Figure 2.12: Incident photon with energy hν excites an electron from its ground state to a
virtual state. It then relaxes back down to the ground state emitting a photon of energy
hν ± νvib. In the Stokes process, the electron is promoted from the ν = 0 ground state
to a virtual state where it relaxes to the ν = 1 ground state emitting a photon of energy
hν−νvib. In the anti-Stokes case, the electron undergoes promotion from ν = 1 and relaxes
to ν = 0 emitting a photon of energy hν + νvib. Taken from [18].
A relaxation back to a certain vibrational, ground or excited, state that is higher or
lower than the initial ground state results in either the emission of a photon of lower
energy (Stokes) or higher energy (anti-Stokes) respectively. It should be noted that the
anti-Stokes process occurs much less often because electrons are more likely to already be
in their ground state.
Above I said that far-field Raman microscopy has been well established in material
characterization with spatial resolution from microns to hundreds of nanometers. This
Raman spectroscopy uses confocal microscopy to get a laser to a focus of a couple microns,
hence sometimes called, micro-Raman. Recent near-field microscopy has allowed Raman
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spectroscopy to delve into the tens of nanometers. This is known as tip-enhanced Raman
spectroscopy and it is the crux of this project.
2.3.2 Tip-enhanced Raman Spectroscopy
Following the same principles as in s-SNOM functionality, the variant, tip-enhanced Ra-
man spectroscopy (TERS), involves the suspension of a metal nanostructure (tip) a small
distance above a sample providing a highly localized field enhancement. This is the basis
of TERS, making use of a single plasmon-resonant metallic nanostructure provided in the
form of a scanning probe tip of suitable material and geometry. This geometry is shown
in Figure 2.13 below.
Figure 2.13: Schematic showing TERS with gold tip held next to molecules. Incident field
(νi) is shown onto tip-sample gap inducing field enhancement and Raman scattering to
field (νs) for detection into a spectrometer and photodiode. Taken from [18].
The apex of the metallic tip is brought close to the molecules, adsorbed on the surface,
in a controllable way offered by the scanning-probe techniques (AFM, STM). The incident
radiation (νi) is focused onto the tip-sample gap and the enhanced scattered Raman-shifted
response (νs) is detected.
A localized field enhancement from a single plasmon-resonant nanoscopic tip apex can
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be placed at any desired location on a sample. Thus allowing ultra-high sensitivity in the
Raman spectrum for many materials. This has been shown on many different types of
matter. To name a few, work from [10] shows Raman enhancement while scanning a tip
over a single 15 nm diameter carbon nanotube, as shown in Figure 2.14 (a). Figure 2.14
(b) shows the enhancement in Raman peaks with the tip near the nanotube and far from
it.
(a) TERS on single carbon nan-
otube
(b) Tip in vs. tip out on carbon nanotube
Figure 2.14: (a) TERS image of a single carbon-nanotube. The inset shows enhancement
from a single scan over the dotted blue-line. (b) Plot showing the difference in spectra
between tip-in and tip-out over the nanotube (785 nm laser input). Taken from [10].
TERS has also been successfully applied to layers of organic molecules. Work from [20]
shows Raman enhancement with TERS from a half monolayer of organic molecules, as
shown in 2.15.
More important to my work, TERS on the organic laser dye molecule malachite green,
has been accomplished at room-temperature. Work from [21] shows Raman enhancement
with TERS from a submonolayer of malachite green molecules, as shown in 2.16. There is
a large intensity difference between the far-field spectra (acquired for 60 s) and near-field
spectra (acquired for 1 s), even with a laser power of only 0.5 mW, showcasing the power
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Figure 2.15: (Raman spectra showing the difference in peak intensity between tip-in (1
nm) and tip-out (1000 nm) over the .5 monolayer of organic molecules, brilliant cresyl
blue, with a laser power of only 0.05 mW at 633 nm. Taken from [20].
of combining near-field enhancement with resonant Raman scattering.
TERS has also been shown to be sensitive enough to spectrally resolve single-molecules.
Earlier work from our group compares the Raman enhancement of about 100 molecules
of the dye molecule malachite green to that of a single molecule as shown in Figure 2.17
[17]. The enhancement should be larger for single molecules due the reduced background
signal.
Recent work from [22] has shown a comparison of Raman enhancement between five
molecules of brilliant cresyl blue and a single molecule in a ultra-high vacuum (UHV)
environment using scanning tunneling microscopy (STM), similar to AFM. Shown in Figure
2.18 is the topography and subsequent Raman spectra of these two molecules sets. Notice
the Raman peak height for the scan over one molecule among four others is about five
times larger than the Raman peak height of the simgle molecule scan. This is due to an
increased background signal from the other molecules. The next chapter is devoted to
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Figure 2.16: Raman spectra showing the difference in peak intensity between tip-in (1 s)
and tip-out (60 s) over a monolayer of malachite green molecules with a laser power of only
0.5 mW at 633 nm. Taken from [21].
Figure 2.17: Raman enhancement as a function of tip-sample distance showing variation
in Raman signal for representative tips (solid lines) and the enhancement of just the 1590
cm−1 Raman mode (open circles) for single and few-molecules are shown [17].
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discussing our implementation of TERS on our model molecule system.
Figure 2.18: STM images of five (a) and a single brilliant cresyl blue molecule (d) adsorbed
on Au(111), the corresponding height cross sections (b),(e) and the UHV-RR and UHV-
TERR spectra (c),(f ) [22].
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Chapter 3
Experimental Setup and
Implementation
In this chapter, I will discuss the components that make up the experimental system in-
cluding the tip-sample distance control scheme, the vacuum chamber and cryostat systems,
the optical components, and the detection mechanism.
3.1 Shear Force Feedback
The main ingredient in a Shear Force Microscopy (SFM) is the probe that interacts with
the sample. In our experiment, this probe is a gold tip that is electrochemically etched in
our lab based on work done in [23]. The process involves dipping gold wire in a solution of
ethanol and hydrochloric acid. The wire is situated on the meniscus of the solution through
a ring electrode that applies a set DC voltage. The hydrochloric acid then dissolves the
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gold by the electrochemical equation
Au+(s) + 4Cl− → AuCl4 + 3e− (3.1)
Eventually the etched wire becomes so thin in one place that the bottom half of the
wire falls off, leaving a 10-100 nm tip behind as shown in a 50x microscope image and a
Scanning electron microscope image in Figure 3.1.
(a) (b)
Figure 3.1: (a) Image of gold tip in 50x microscope. (b) Example tip in Scanning electron
microscope showing tip radius of 34.4 nm.
The gold tip is then attached to one side of a piezoelectric tuning fork. This is so that
when the atoms in the tip interact with atoms in the sample, attractive (shear) forces
will cause a damping in the amplitude of the tuning fork [24]. This gives us a feedback
variable that we can lock in on and couple to a z-axis piezo translation stage attached to
the sample. This coupling is accomplished using a Proportional-Integral-Differential (PID)
controller that monitors an error, integral of an error over time, and the derivative of an
error over time between a users setpoint and a measured value, in our case the amplitude of
the tuning fork oscillation. Its goal is to minimize this error by changing the height of the
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sample stage in order to keep the tip within 10 nm of the sample [25]. This technique allows
a 100% optical duty cycle, as opposed to other cantilever based AFMs, which maximizes
interaction time and improves the optical signal.
The quartz tuning fork vibrates due to piezoelectricity, meaning electricity resulting
from pressure and vice versa. When a crystal like quartz is subjected to an electric field,
its crystal structure becomes stressed and vice versa. The electrode pattern on the tines,
as shown in Figure 3.2, is what drives and detects the tuning fork’s oscillations. As the
tuning fork is driven, the tines oscillate. As they oscillate, they drive their own electric
field that is subsequently detected by the electrodes.
Figure 3.2: Image of quartz tuning fork and its electrode pattern [Wikipedia].
This electromechanical oscillator’s behavior is well governed by two models, as shown in
Figure 3.3. For its mechanical motion, an equation of simple harmonic motion suffices
d2x
dt2
= λ
dx
dt
+ ω20x = F0e
iωt, (3.2)
where F0 is the driving Lorentz force amplitude normalized by the mass of the resonator
m. The damping, λ, is assumed to be linear and arises primarily from interactions with
the sample [26].
Driven electrically by an applied voltage, the resonance frequency of the forks, ω0, starts
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Figure 3.3: Mechanical vs. electrical model of the tuning fork taken from [27].
out at 32,768 Hz. However, either damage or the application of a tip decreases it by a few
thousand.
The other equation governing the tuning fork’s behavior is one of electrical origin.
Where there are periodic changes in the electric field, there is a periodic displacement
current flowing. The piezoelectricity of the quartz causes charge build up when an electric
field is applied and then it releases that charge, much like an LC oscillator, when the
incident field relaxes. The equation that governs an RLC circuit is
L
d2I
dt2
+R
dI
dt
+
1
C
I = Ueiωt (3.3)
where U is the amplitude of oscillation (associated with the potential energy build up in
the tuning fork), L is the inductance, R is the resistance, and C is the natural capacitance
associated with the tuning fork [28]. The value Cs in the cartoon corresponds to parasitic
capacitance that arises from charge build up on the tuning fork tines themselves and is not
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associated with the natural capacitance of the quartz. This build up must be taken care
of to get as much efficiency out of the tuning fork as possible.
3.1.1 Q-Factor Optimization
When the user sets a setpoint on the PID controller, the PID attempts to match that
setpoint, the setpoint being the amplitude of the tip-fork oscillations, by lowering the
sample stage until the fork amplitude matches the setpoint. The tuning fork is driven on
its resonance and when the sample comes near the tip, the frequency of the fork is damped,
and the PID reacts and holds the sample at its height. The PID has to be fast enough to
react to the damping, but more importantly, the Q-factor of the resonance of the tuning
fork must be optimal. The shape of its resonance is Lorentzian, so any deviation from the
maximum will cause the PID to stop lowering the sample into the tip. The Q-factor must
not be too high, because the PID will be overreactive and the sample will never get near
the tip. It must not be too low or else the PID will be able to react fast enough and the
sample will crash into the tip.
The solutions to equation (3.2) have the following Lorentzian form
x(t) =
F0e
iωt
ω20 − ω2 + iλω
(3.4)
The Lorentzian line shape around the resonance frequency can be clearly seen from the
detected oscillation amplitude during a frequency scan seen below in Figure 3.4. This is
the line shape of a tuning fork with no tip attached, with amplitude measured in volts
and Hertz with the predicted resonance around 32,768 Hz. There is a certain asymmetry
around the resonance line due to the parasitic capacitance in the tuning fork.
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Figure 3.4: Lorentzian line shape of tuning fork out of its cap, but with no tip attached,
resonance frequency at 32,768Hz and amplitude measured in V.
The Q-factor of the oscillator can easily be calculated from the resonance frequency, f0,
and the line shape by the equation
Q =
1
R
√
L
C
=
f0
∆f
(3.5)
where ∆f is the frequency range between (A0 +
A0
2 ) and (A0 − A02 ) and where A0 is the
maximum amplitude of oscillation [29]. While the Q-factor starts out at over 4000, it is
degraded by use, the added mass of the tip and the glue used to secure it, damage to
the electrical wires, and other factors as shown in the frequency scan below. This tip had
q-factor of less than 450 and a very poor signal to noise ratio once the tip and glue were
in place. It also had to be driven with a voltage 10 times that of a fork with no tip.
Accurate position measurements require the oscillator to have a q-factor of about 600-
800, so tip mounting has to be perfected. We use little glue and the shortest tip shaft
possible and even put more glue on if Q is too high. We also solder electrical leads to the
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Figure 3.5: Degraded Q-factor from tip and glue among other factors.
tuning fork by hand and must ensure that they are electrically insulated from each other.
The tuning fork is glued into a small glass capillary, diameter ∼2mm for stability and to
add height, and a custom made mount fixes the tuning fork and tip to a Mechonics brand
3-axis, piezo driven translation stage as shown in Figure 3.6. The mounted tuning fork
protrudes through a hole in the bottom of the parabolic mirror as shown in Figure 3.10.
This retains the highest numerical aperture possible for the mirror which increases optical
resolution.
The parasitic capacitance referred to in the background section, which is caused by
charge buildup on the adjacent tuning fork arms has a significant effect on the resonance
line shape which can be seen in Figure 3.7. There is a DC offset which interferes with
Lorentzian line shape. It causes this asymmetric drop in intensity because the phase of the
piezo-electric current contribution is phase shifted by 180◦ as it passes the resonance but
the phase of the parasitic capacitance is constant.
This stray capacitance is eliminated by using the bridge circuit shown in Figure 3.8.
The voltage source here is sent through a transformer which yields two wave forms phase
shifted from each other by 180◦. One is sent to the tuning fork and the other to a variable
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Figure 3.6: Tuning fork mounted in glass capillary affixed to Mechonics 3-axis translation
stage by a custom built clamp.
Figure 3.7: Resonance degraded by parasitic capacitance which leads to an asymmetric
peak due to its flat phase interacting with the phase shifted piezo-electric signal.
42
capacitor. The two signals are then added together before entering a standard operational
amplifier which converts the current to a voltage. To calibrate the system, we drive the
oscillator off resonance and tune the variable capacitor until the signal is minimized. This
ensures that all of the parasitic capacitance is being corrected for and that only the true
piezoelectric capacitance will affect the signal.
Figure 3.8: Shear force feedback circuit where Vin is sent through a transformer that also
applies a 180◦ phase shifted signal to variable capacitor to cancel the stray capacitance in
the tuning fork. The signal is amplified and sent to a lock-in detector, then sent to the
PID loop.
Once the mounting process is perfected and the capacitance is accounted for, the re-
sulting q-factors were consistent Lorentzian line shapes with q-factor of 400-800 like the
one seen in Figure 3.9.
When the electrical detection signal is optimized, it is coupled to a vertical (z-axis)
translation stepper motor stage where the sample is mounted through a PID controller. The
PID loop changes the sample height to maintain constant tuning fork oscillation amplitude
which maintains a constant tip-sample separation distance of about 10 nm. A schematic
of the shear force system and an image of everything mounted is shown below in Figure
3.10.
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Figure 3.9: Typical line shape after capacitance is accounted for with q-factor above 400.
Figure 3.10: (a) Shear force feedback system with piezoelectric tuning fork and tip coupled
to z-axis translation stage taken from [27]. (b) Attocube 3-axis translation stage stacks
with sample plate mounted above parabolic mirror in custom mirror mount, all fixed to
commercial Janis cryostat. Tip and tuning fork can be seen protruding from beneath the
parabolic mirror, affixed to Mechonics 3-axis translation stage.
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3.2 Low-temperature High-vacuum System and Sample Nav-
igation
Low-temperature implementation with TERS is difficult in practice because TERS requires
bulky optics and high accuracy in the focusing procedure. Low-temperatures and low
pressures require a small quarantined area where the sample is. This makes it difficult
to interact with the system during cool down. TERS also requires high precision in its
piezoelectronics, however, low temperatures greatly affect them greatly, involving drift in
their motion or even stopping them completely.
The mirror mount and translation stages are fastened to the base plate of a commer-
cial Janos cryostat which is shown in Figure 3.10. A vacuum system is used at very low
temperatures to minimize condensation and heat conduction from the air around the sam-
ple. Each object in the chamber must also be made of vacuum compatible materials to
minimize outgassing. In addition, gloves are worn when working with materials that will
enter the vacuum so that oils from our hands do not contaminate the system. A special
connection is needed to send electric signals through the wall of the vacuum chamber to
run the translation stages, tuning fork feedback, etc. The cryostat reservoir is coupled to
the system via a copper braid. Teflon washers in between the plate are used as thermal
insulation to minimize heat flow away from the sample. In addition, sheets of teflon and
aluminized mylar, a reflective radiation shield, lie between the cryostat and plate for insu-
lation. Radiation shielding also lines the walls of the vacuum chamber to minimize heating
from radiation.
The tuning fork and tip rise into the parabolic mirror from a mount below through a
small hole. The sample slide sits upside down above the tip, which is illuminated from
above as shown in Figure 3.11. The parabolic mirror can be seen with the tip in the center
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and the sample plate held above it by the Attocube translation stage.
Figure 3.11: Photograph of tuning fork sticking up through the parabolic mirror to meet
the sample. The illumination path is also seen.
3.3 Optics
In the experimental setup we use a continuous wave 633 nm helium-neon (HeNe) laser that
uses a mixture of helium and neon gas as its gain medium. The HeNe is great for alignment
for its visibility and for TERS for its wavelength being resonant with gold tip plasmons
and being resonant with many molecules.
First, the HeNe beam is sent to a beam expander, as shown in Figure 3.12. A series
of spherical mirrors expand the beam to 5mm and send it through a visible bandpass
beamsplitter. Spherical mirrors are used in place of lenses to reduce dispersion. In the
chamber, the light is focussed by an on-axis parabolic mirror with a numerical aperture
near 1. Though objectives are much more commonly used as focusing elements, parabolic
mirrors provide several benefits [30]. In general, side illumination of the tip (as opposed to
inverse illumination) is necessary for experiments that measure reflection off of nontrans-
parent samples instead of just transmission with the use of an objective. In this regime, the
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Figure 3.12: Schematic showing optical and electronics setup.
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objective must have a long working distance (bad for placement in a vacuum chamber) to
avoid mechanical contact with the tip and sample. This causes an unavoidable reduction
of the numerical aperture and losses in the sharpness of the focus and resolution. The high
numerical aperture parabolic mirror illuminated by an expanded beam used here, however,
can lead to a much tighter focus with less beam deformation [31]. The mirror geometry
is such that when light is incident perfectly on its axis, it is focused at the center of the
mirror without any spherical aberration as shown in Figure 3.13 (a). If incident light is
slightly off axis, though, it will greatly deform the focal spot. Therefore, mirror alignment
is very important and is achieved by placing a highly reflective silicon wafer horizontally
on top of the mirror before placing the tip in the focus. Incident light is aligned so that
the back reflection perfectly follows the beam path [1]. Also shown in Figure 3.13 (b), is
the effect phase effects and effective focal lengths have on the focal spot in the mirror. The
effects these can have on the focal spot is that it can become more spread out and thus
less intense or, due to these aberrations and an increased angle dependence, it can become
elongated in the z direction.
The signal light is recollected by the whole parabolic mirror and sent back through the
beamsplitter to the detection arm, as shown in Figure 3.12. The tip-scattered light can
either go to a Thorlabs CCD camera or a liquid nitrogen cooled Spectrapro spectrometer
with a resolution of about 25 cm−1. However, before going into the spectrometer, the light
must go through a Raman long wave edge filter that blocks any light below about 636 nm.
This is so that the spectrometer does not get overwhelmed by elastically scattered laser
light, rather, the Raman scattered (Stokes) light gets into the detector. The spectrometer
is used for frequency resolved measurements and basically consists of a diffraction grating
that spatially disperses the signal onto a CCD which then records the intensity at each
wavelength. The camera is used to image the tip and maneuver it into the focus of the
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(a) Parabolic Mirror (b) Parabolic Mirror Aberration
Figure 3.13: (a) Parabolic mirror geometry focuses rays incident parallel to its axis to
a single point in the center of the mirror. (b) For a real parabolic mirror, the focus is
elongated in the z direction because of phase errors and that there are more angles of
incidence than for a lens. Taken from [31].
parabolic mirror. Tip-enhanced measurements rely heavily on perfect alignment of the tip
in the focus of the mirror which is achieved by maneuvering the tuning fork attached to the
Mechonics translation stage until the tip can be seen clearly on the CCD in the mirror’s
focus illuminated by the laser. Different images of the tip taken with the CCD are shown
in Figure 3.14.
3.4 Operation
Operation of the low-temperature shear-force system begins with tuning fork preparation.
Both the finished tuning fork and mounted tip (with too much glue) are shown in Figure
3.15. The process of mounting a tuning fork requires that we first crack the sealed glue
and remove the fragile quartz tuning fork from its cap without damaging it. Then we
solder extension leads, made out of insulated copper, to the centimeter long leads that
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Figure 3.14: Different images of the tip in the focus in the CCD showing (a) a good focus,
(b) a tip that might be too high in the focus and (c) a focus showing the curvature effect
of the parabolic mirror on the tip image.
come attached to the oscillator. Next, we must cut a portion of glass capillary to the
required length of about 11mm with a diamond scribe and slide it over the leads. The
length is not too important because the mirror can be raised by placing washers under it.
Vacuum compatible, UV curing epoxy is used to glue the tuning fork into the capillary
for stabilization. The resonance must be monitored throughout this process to ensure that
no damage has been done during the invasive mounting procedure. Finally, a tip is cut to
about 2mm in length and glued, with as little glue as possible, to the inside of a tuning fork
tine with the same epoxy as shown in Figure 3.15. The epoxy only hardens when exposed
to UV light which allows us to manipulate the tip position for as long as needed without it
hardening in place. A UV lamp is used to cure the epoxy when the placement is perfected.
The tip in Figure 3.15 has almost too much glue on it and is also slightly tilted. Too much
glue dampens the Q-factor too much and a tilt on the tip may interfere with polarization
since the light is already meeting the tip at an angle.
When the tip is ready, the optics must be aligned. Using the HeNe for alignment, the
beam is manipulated to lie in a perfect line through several iris apertures that can open or
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(a) Mounted tuning fork (b) 10X image of mounted tip
Figure 3.15: (a) Finished tuning fork with wiring and glass capillary. (b) 10X image of tip
mounted to tuning fork.
close down to a small pinhole. These apertures are purely used in the alignment process
and are taken out during measurement to let as much laser into the mirror as possible
and as much scattered light out as possible. During alignment, the beam is manipulated
to be incident perpendicular to the plane of the parabolic mirror, the detection optics
are adjusted, and the tip is situated in the focus by maneuvering its translation stage as
described earlier. Also, the detection beam must be maneuvered into the spectrometer,
this is done using a lens that is right up against the spectrometer.
There are two ways of maneuvering the tip into the focus of the mirror. One is to use
the CCD to see a focused picture of the laser on the tip as shown in Figure 3.14. The other
is to use the fact that the tip luminesces. This involves getting the tip in focus in the x
and y directions on the CCD, then moving the tip up until the luminescence just starts to
increase. The luminescence is resolved by the spectrometer.
Finally the sample is mounted to a glass slide plate which fastens to its own translation
stage. To bring the shear force system into feedback, we leave the tip in the focus of the
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mirror and slowly lower the sample’s z-axis stage to meet it. This is easiest by eye using
a 10x microscope to get the sample within a millimeter of the tip. The Attocube brand
stage uses a slip stick to control the inertia of a sliding block which was first developed
by Karrai et al. [32]. A guiding rod protrudes through the center of the block and the
two are attached by a friction force. To take a step, the rod is accelerated forward fast
enough to disengage the block and then slowly allowed to return, this time taking the block
with it. This process is repeated by applying a saw-tooth voltage signal to the piezoelectric
driver. This design can work in a wide range of temperatures, in high vacuum and magnetic
fields, and does not require high voltages. Though specific step size is hard to calibrate,
it yields step sizes in the nanometer range with the ability for large scan distances up to
5 microns and can be stepped about 25 mm. Three stages, one for each axis of motion,
are stacked for compactness which reduces the unit’s dimensions to 24 × 24 × 53 mm.
This compact, highly stable system functions well even under the conditions necessary for
low-temperature.
The PID loop can probe about 3 µm at a time before the translation stage must be
moved down so that the PID loop can probe lower. Thus, going into feedback requires
iterations of stepping in, allowing the PID loop to lower the stage, and if it feels no
damping pulling it out and stepping in further. Once the oscillation amplitude drops,
the PID electronics take over and tip hovers automatically a few nanometers from the
sample.
In the future, if we wanted to go to low-temperatures, the vacuum chamber would have
been mounted before going into feedback. The wires out of the system must be carefully
fed through the arm of the chamber and attached to the special flange shown in Figure 3.16
(a). The thermocouple also has its own feed-through flange in the back of the chamber. To
stabilize the chamber during this process, a lab jack supports the arms of the chamber and
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secures it in place at the desired height as shown in Figure 3.16 (b). When the chamber
is secure, the roughing pump (attached to the turbo pump shown in 3.16 (c)) is turned
on until the pressure goes down to a few torr. When the pressure is low enough, the
turbo pump is turned on. Pressure is measured with an ion gauge whose wires are seen
coming from the front of the chamber in 3.16 (d). The ion gauge uses a hot filament as
a consistent electron source. Ejected electrons are attracted to a positively charged wire
grid around the filament. On their path to the grid, they may collide with any particles
in the air with some chance of ionizing them. The ionized particles are then attracted to
a negatively charged ion collector pin. Ion currents correspond to pressure by roughly 1
mA/Pa. Acetone is squirted on the connections in the piping to test for leaks, i.e. there
will be a sudden drop in pressure if the acetone finds its way into a space. The chamber
put together in its entirety is shown below in 3.16 (d).
3.5 Characterization of Shear-force and Variable-temperature
High-vacuum Systems
We have successfully used our tip-enhanced shear-force detection system to approach an
evaporated gold sample and measure approach curves which show the oscillation ampli-
tude dropping off as expected when the tip approaches the sample and a luminescence
enhancement as predicted from plasmon resonance (Figure 3.17).
You can see that as the tip approaches the gold surface under about 10-15 nm, where
the tip amplitude starts to drop, the tip begins to couple to the surface and luminescence
begins to be enhanced. While in and out of feedback, the tuning fork amplitude has been
resolved over time to show how stable it is, as shown in Figure 3.18.
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(a) Electrical feed through flange (b) Vacuum pump before tubing
(c) Turbo vacuum (d) Vacuum chamber during pump-down
Figure 3.16: (a) Electrical feed through flange with wiring. (b) Vacuum chamber before
tubing is hooked up. (c) Turbo pump used to get pressures below a mTorr. (d) Vacuum
pump with ion gauge feed through in front, wiring flange on left, vacuum pump tube on
right, optical window on top and Pirani gauge (for measuring pressures above a mTorr) on
top near ion gauge.
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(a) Approach Curve
(b) Luminescence Enhancement (c) Luminescence per distance
Figure 3.17: (a) Plot showing the tuning fork amplitude becoming damped 10 nm from
the sample. (b) Plot showing the luminescence with the tip out and tip near the sample.
(c) Wavenumber shift from the laser line plotted against distance of the sample to the tip
shows a luminescence enhancement in the last 10 nm near the sample.
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(a) Tuning Fork Stability (b) PID Feedback Stability
Figure 3.18: (a) Plots showing the stability of the tuning fork in free space and (b) the
stability of the PID while in feedback.
While not in contact the amplitude ranges over about 0.008 V, but while in contact
the amplitude ranges over about 0.02 V. However, this only translates to about 2 nm, well
within the interaction range. To minimize noise in the measurements, the optics table is
equipped with hydraulics to allow floating and a there is also a sound proof box surrounding
the roughing pump.
The low-temperature system was also validated. The vacuum chamber reached 2×10−6
Torr = 0.0003 Pascal and the cold finger was cooled down to liquid nitrogen temperatures
as shown in Figure 3.19. During the cooling process however, thermal contraction can
cause a shift in the tip and sample positions and the low-temperatures can also leak into
the stage, cooling down the Mechonics to the point where it cannot move. This was tested
by placing a thermocouple between the plate and mirror mount. The temperature of the
stage is plotted versus the temperature of the cold finger below. There is about a 30 minute
delay between the Mechonics being room-temperature and being at 273 K. This should be
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enough time to take a measurement, but needs to be improved with better insulation. Also
interesting is that the Q-factor increases by about 1500 when the pressure goes from 600
Torr down to 1 mTorr, then it decreases by about 1000 as the system cools down, as shown
below in 3.19.
Low-temperature capabilities with precise control could allow understanding of a new
world of material properties. With cooling we can control vibrational modes to study relax-
ation dynamics in detail. Vacuum capabilities not only help to decrease the bound on the
available temperature range but also allow us to isolate interactions to the known sample
and tip materials with minimal contaminations from the sample’s surroundings.
Tip enhancement allows higher signal, nanoscale spatial resolution, and precision polar-
ization control. We can access information about single domains using Raman spectroscopy
and can clearly interpret the signal seen from activating specific vibrational modes. This
high functioning microscope can be applied to thoroughly study a variety of important
materials.
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(a) Long time interval pump down
(b) Short time interval pump down
Figure 3.19: (a) Plot showing the temperature of the cold finger and stage, pressure of the
system, and the Q-factor of the fork (no tip) over about 11 hours. (b) the last 100 minutes.
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Chapter 4
Room-temperature TERS on
Model Molecule System
The combination of low-temperatures and TERS opens many new possibilities to study
the fundamental mechanics of molecules and atoms in their purest form on the nanoscale.
However, this combination has seldom been attempted due to its experimental difficulty.
In this chapter, the possible combination of our homemade TERS system with low tem-
perature is demonstrated.
For our experiments, we chose Malachite Green (MG) (C23H25N2-Cl) whose molecular
structure is shown in Figure 4.1 (b). It is an organic tryphenylmethane laser dye, with an
extended delocalized pi-electron system, and a molecular weight of 364.92 g/mol. Figure
4.1 (a) shows why we chose MG as a molecule. Its absorption peak is in line with the
plasmon resonance in the gold tip, which resides almost exactly at our HeNe excitation
laser wavelength (632 nm, 1.92 eV), allowing resonant Raman spectroscopy to be easily
carried out.
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(a) Plot showing that the ab-
sorption of MG is peaked around
the plasmon resonance of gold
635 nm
(b) Malachite green molecule
Figure 4.1: (a) Plot comparing the absoption peak of MG with the scattering intensity of
the tip. They both peak at around 635 nm. Taken from [18]. (b) Molecular structure of
MG.
Micro-Raman spectroscopy was carried out, using a confocal setup based in an Olympus
BX51 microscope, on three dye molecules (methylene blue, nile blue chloride, and malachite
green) to compare their peaks and intensity to their future room/low-temperature TERS
measurements. A HeNe laser is focused through a 50x objective with numerical aperture
0.8 and scattered to the same type of spectrometer as shown in Figure 3.12. The samples
were prepared in ethanol to form .3 mM solutions and three drops were placed on a Au(111)
substrate to dry. The integration time of the Raman spectrum is 60s. The main Raman
peaks of MG, as shown in Figure 4.2, are 222 cm−1, 436 cm−1, 800 cm−1, 1171 cm−1,
about 1380 cm−1 and about 1600 cm−1.
60
Figure 4.2: Raman spectroscopy on the dye molecules methylene blue (top), nile blue
chloride (middle) and malachite green (bottom). The samples were put in ethanol to form
.3 mM solutions and three drops were placed on a Au(111) substrate to dry. The integration
time of the spectrum is 60s.
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4.1 Tip-enhanced Raman on Malachite Green
MG powder is dissolved in Ethanol to make a .3 mM solution. This concentration gives
1-2 monolayers of molecules [18] which allows for the easy finding of molecules. Three
drops are then spin coated onto a Au(111) substrate at 1500 RPM for 60 seconds. The
silicon with an evaporated gold film and MG on it is attached to a glass slide with vacuum
grease. The glass slide is then inverted and attached to the attocube scanner as shown in
Figure 3.10. Before this however, is the most difficult component of TERS, getting the tip
perfectly into the focus of the mirror. This can be accomplished in a few ways: by using
the CCD, the luminescence of the tip or by using the luminescence of the sample.
The ideal focal spot of the mirror has a diameter of approximately
d =
λ
nairsin(arctan(2.5mm/6.25mm))
= 1.7µm (4.1)
in the x and y directions, where the radius of the laser is 2.5 mm and the focal length of
the mirror is 6.25 mm. More importanly, the diameter in the z direction is elongated to
about 5 µm [31]. This corresponds to about eight steps (a step is 640 nm) of the Mechonics
stepper motor in the z direction with the tip.
Getting the tip into focus in the CCD is not very difficult, shown in Figure 3.14. How-
ever, it is hard to tell if the actual 10 nm tip apex is in the focus or if the tip is too high
or low in the focus. Many approaches on the sample were attempted with many different
foci. Focus (b) in 3.14 gave the best enhancement of Raman peaks.
Using a vertical polarization (parallel to the tip axis), the 632.8 nm HeNe laser is shone
on the tip while the inverted sample is lowered down to the tip. Using a hand-held 10x
microscope, the sample is brought to within millimeters of the tip followed by using the
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PID to step the sample down to the tip. The PID has about a 5 micron range on the piezo
connected to the sample. If the PID does not make contact with the tip, the setpoint is
raised up and the sample is manually stepped down using the attocube controller. Once the
PID engages, the fork amplitude decreases by about 2.5%. Deeper feedback can be attained
by decreasing the setpoint till the fork amplitude is about 90% (keeping in my the bottom
of the Lorentzian curve is not 0 V). At these amplitudes, the tip is within nanometers of
the sample, allowing a strong Stokes scattering intensity. Figure 4.3 shows the spectrally
resolved tip-enhanced Raman signal from the approach of a couple monolayers of MG using
the focus in Figure 3.14 (b).
Figure 4.3: Plot showing the increase in Raman signal from approaching the tip with a
malachite green sample. The enhancement comes from at least the last micron of approach-
ing, shows a Raman enhancement of 100-200,000, corresponding to a field enhancement of
3-21.
In Figure 4.3, the PID is engaged manually, where the sample starts out 5 microns from
the sample. The integration time of the spectrometer is set to 1 s. There is very little
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enhancement when the sample is more than 1 micron from the tip. After feedback, there
is an enhancement in the Raman signal, calculated by dividing the near-field peak height
by the far-field peak height and multiplying by the ratio of the mirror focus and the tip
radius, around 100-200,000 (fourth power of the field enhancement), corresponding to a
field enhancement around 3-21. There is such a large range because the tip radius could
be 10 nm or on the order of a micron. This manual-approach method, however, does not
reveal that the near-field is coming from the last 10 nanometers of the approach. The
system is capable of coupling the spectrometer to the attocube controller in order to get 3
s of integration time in the spectrometer per 2 nm step in the sample piezo. However, it
takes a long time to approach the tip this way and thus far has not given much near-field
enhancement. Nevertheless, there is a large enhancement in the main Raman bands of MG
somewhere under a micron from the tip in 4.3 above. The detected signal is unpolarized
and is both forward and backscattered from the tip. The parabolic mirror’s high NA allows
both scatterings to be collected.
Another way of getting the tip into focus is by using its intrinsic luminescence. Due
to plasmon resonance,the gold tip should luminesce much more than the gold surface as
shown in Figure 4.4.
The tip is put into the focus first using the CCD, then it is brought up until it begins
to just barely luminesce as shown in Figure 4.5.
After many approaches, I have come to the conclusion that the tip is too high in the
focus. Meaning that the focal spot is on the tip shaft and not the apex. This is because
the luminescence is stronger on the tip shaft than the apex. Knowing how far away this
luminescence is from the apex would allow an easy offset to put the apex in the focus.
The most effective way of getting into the focus, yet most difficult, is using the sample
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Figure 4.4: Plot comparing the luminescence from the tip to the luminescence of the surface
of gold. The Raman notch filter is responsible for the dip in signal at νi Taken from [18].
Figure 4.5: Plot showing the luminescence from the tip increasing as the tip moves into
the focus. This is a prescribed method for getting the tip into the focus. Integration time
is 1s.
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to find the focus. First, the tip is put into the “focus” using the CCD, then lowered
substantially out of the focus to make room for the sample. The sample is then lowered
until there is a peak in luminescence from the gold surface as shown in Figure 4.6.
Figure 4.6: Inelastic light scattering spectrum as a function of distance of Au(111) sample
moving into the focus of the parabolic mirror. The sample starts about 7 microns above
the focus and is then lowered into the focus where it begins to luminesce and then lowered
through the focus where the luminescence disappears. This is a crude way to both get
the sample into the focus and measure the size of the focus in z, which should be about 5
microns.
Figure 4.6 reveals the size in z of the focus to be about 5 microns. In addition, it is
a way to get the sample into the focus. This is effective because now we do not have to
worry if the focus is right at the apex of the tip. Since if the apex is at the sample, then
the apex is in the focus, as long as the x and y directions of the tip are in the focus using
the CCD.
After getting the sample into the focus, the tip can be raised into the sample using the
Mechonics, instead of using the attocube piezo attached to the sample. Figure 4.7 shows
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the high enhancement in Raman peaks after the tip crashes into the sample from stepping
in with the Mechonics.
Figure 4.7: Plot showing the near-field obtained from forcing the tip into the sample after
getting the sample into the focus.
The tip has to crash into the sample because it must be stepped in rather than using
a smooth piezo. The Mechonics motor stage can take 10 nm steps, but this would take a
long time to approach the sample, although possible. The near-field enhancement in the
case of the crashed tip comes not from the tip apex anymore, but from the places that
are just barely near the sample. The tip curls away from the sample, leaving a few places
where the gold is near direct contact to the sample.
The spectra in Figure 4.7 is about 430 times more intense than the micro-Raman spectra
in Figure 4.2. Not as much of an enhancement as in Figure 2.16, but a substantial increase
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nonetheless. The peaks are located at 267 cm−1, 479 cm−1, 839 cm−1, 1204 cm−1, 1396
cm−1 and 1646 cm−1. A clear red shift of about 40 cm−1. These red shifts can be due to
the large field gradient in the tip-sample gap [33], however, since they are all red shifted
by the same amount, this hints that the spectrometer is not fully calibrated and is not a
consequence of the field-gradient effect.
4.1.1 Fluorescence Quenching
One drawback of resonant Raman spectroscopy is that it promotes photo-chemical degra-
dation (bleaching) in dye molecules [34]. This results in the disappearance of their fluores-
cence and/or the phenomenon of molecules randomly switching between fluorescing and
non-fluorescing states called blinking. Fluorescence is similar to Raman, but the electron
takes a little longer to decay (ns) and fluorescence a very wide peak width. Fluorescence
is also much more intense than Raman scattering. To get a baseline of how MG’s fluo-
rescence behaves in the presence of a tip at room-temperature, for future low-temperature
measurements, the Raman emission is monitored in a time-series experiment. Figure 4.8
shows consecutive near-field Raman spectra being acquired for 1 s each by a HeNe laser
power of about 500 µW.
The molecules bleach on a time scale of about 80 s where the signal is almost strictly
from luminescence enhancement. There is some blinking apparent in the spectra, however,
it does not last long due to the laser intensity and the fact that we are not looking at single
molecules, we are looking at more of an averaging effect. The Figure on the right of 4.8 is
a fit of the spectrally integrated intensity over the wavenumber 1412 cm−1. It has a decay
constant of about 58 s.
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Figure 4.8: Plot showing intensity of TERS peaks of MG over time. The high intensity of
the laser light bleaches the peaks in about 30s, however, there is some blinking behavior
in the peaks.
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Chapter 5
Conclusion
5.1 Summary
The goals of this project were to implement the room-temperature portion of a low-
temperature tip-enhanced Raman scattering microscope and also characterize its cryogenic
capabilities for its future use in studying the effect low-temperatures have on molecular
or crystallographic structures on the nanoscale. The instrument employs a home built
shear force feedback system for tip control. A gold nano-antenna is attached to a tuning
fork tine and is then stuck through a hole in an on-axis parabolic mirror which sits in a
commercial cryostat. A glass sample slide attaches to the 3-axis attocube translation stack
in order to approach the tip with great precision. A continuous wave helium-neon laser
was used for illumination. The on-axis parabolic mirror has a numerical aperture near 1,
which is very useful for both focusing of the laser onto the gold tip and for full collection
of scattered light. The Raman scattered light from the tip-sample gap is greatly enhanced
due to the optical field creating plasmon resonances in the tip and the plasmons distorting
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and concentrating the field lines to the apex, creating at localized field-enhancement. This
scattered light can be directed, with flip-mirrors, to either a CCD camera or a spectrometer
to spectrally resolve the scattered light.
Tip-enhanced Raman spectroscopy at room-temperature is accomplished on malachite
green as shown in the previous chapter. Multiple near-field spectra are shown where the
enhancement comes in at least under a micron from the sample. Showing enhancement
only within 10-100 nm of the sample was very difficult due to the difficulty in the focusing
procedure. Bleaching and blinking of MG molecules were also resolved. Bleaching times
of around 80 s were found. Blinking was not substantial due to an averaging effect of
the molecules. Single-molecule sensitivity would yield more distinct blinking behavior,
requiring that the tip not be crashed into the sample.
As far as characterizing the variable-temperature component of the system, the high-
vacuum chamber was equipped with an additional radiation shield to minimize cooling
from the liquid nitrogen cooled copper braid. The system achieved temperatures down to
liquid nitrogen temperatures and pressures as low as = 0.0003 Pascal.
5.2 Outlook
The results in the previous chapter reveal that there is a clear correlation between Raman
enhancement and tip-sample distance in our system. More importantly, that this system
is capable of near-field measurement at room-temperature. However, more work is needed
in the focusing procedure if the sample is to continue to move to the tip and not vice
versa.
A more systematic approach to checking what a good focus looks like on the CCD should
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suffice, i.e. getting the tip into focus, take a screenshot, then approach and see if there
is an enhancement. Using the luminescence to put the tip into the focus should also be
effective, but only after the tip has been lowered, due to the tip being to high as discussed
in the previous chapter. Lowering the tip systematically after using the luminescence to
get the tip to the focus and then approaching should eventually give the user an idea of
exactly how ”too high” the tip is in the focus.
An easier and more effective method would be to bring the tip to the sample using a
small piezo. Using the technique in the previous chapter of getting the sample into the
focus would be the first step. The second step would be to place a piezo, coupled to a
similar PID as in the setup, under the tip and use the piezo to bring the tip to the sample,
which is already in the focus.
Eventually, we hope to successfully combine the room-temperature and variable-temperature
high vacuum portions of the system in order to study fundamental properties of molecular
and crystallographic structures. Specifically in molecules, we will be looking for changes in
linewidth of the Raman spectrum, which depend on the lifetimes of vibrational excitations.
Raman peaks may vanish due to vibrational freezing. Peaks may shift due again to vibra-
tional mode constriction. More interesting at low-temperatures is the effect on blinking
statistics in single to few-molecules. These effects give vital information about the effect
temperature has on relaxation pathways in molecules.
After the focusing procedure has been perfected to the point of near-field enhancement
being seen on the first approach and at least in the last 100 nm of the approach will this sys-
tem be ready to implement with variable-temperature. The variable-temperature portion
of the system will be ready to combine with the room-temperature TERS component when
the stepper motor attached to the tip, which stops working below freezing, has been suf-
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ficiently insulated from the cryostat using a ceramic disc placed under the mirror mount.
This will give much more of a window to make low-temperature measurements. After
this, the entire system will be ready to shine some light on the fundamental mechanisms
underlying relaxation dynamics in dye molecules.
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